proteins do not induce Psp synthesis. The level of Psp induction after extreme stress is even higher in r32 mutant cells, which are unable to mount a normal heat shock response, suggesting that these parallel stress responses are interrelated.
All viruses depend on their host for propagation. Often they use the host machinery just as the host does, but they also adapt host proteins to somewhat or completely different purposes. Viruses can also modulate host gene expression. Examination of the ways in which they alter or induce host activities has provided windows into host genes and functions that were not otherwise known to exist. For example, a set of Escherichia coli proteins involved in transcription antitermination were identified because phage A requires them and specifies a protein that alters their activity (1) . Infection by A also induces the synthesis of a number of proteins, including heat shock proteins (2) (3) (4) . Several heat shock proteins initially identified by their essential role in A development (reviewed in ref. 5 ) are now known to be required for host survival at most temperatures (6) (7) (8) (9) .
We have found that filamentous phage infection induces the synthesis of large amounts of a previously unidentified host protein that we have called Psp (phage shock protein).
Here we report some of the characteristics of the induction process. Induction is the specific result of the synthesis of the protein encoded by phage gene IV, pIV, an integral membrane protein (10) required for phage morphogenesis. Neither truncated forms of pIV nor pIV confined to the cytoplasm induce Psp synthesis, but some mutant forms of pIV do. Psp, like other E. coli stress-induced proteins, is also produced in response to a variety ofenvironmental stimuli. Psp is strongly (but transiently) induced by extreme heat shock, by treatment with a high concentration of ethanol, and by hyperosmotic shock. Unlike the "classical" heat shock proteins, Psp synthesis does not require the heat shock or factor, 32 . Psp expression therefore parallels the heat shock response but is elicited by more extreme conditions.
MATERIALS AND METHODS
Phage, Plasmids, and Bacterial Strains. The fl phage were from our laboratory collection; the gene IV mutants are described in ref. 10 , as is 4tsH2, a gene IV temperaturesensitive (ts) derivative of M13 isolated by Pratt et al. (11) . Ike phage was kindly provided by Ruud Konings (University of Nijmegen, The Netherlands).
Plasmid pDG117IIA (12) is a pBR322 derivative that con- (18) containing 0.4% glycerol, thiamin (5 ,ug/ml), 20 amino acids (1 mM each), ampicillin (100 ,ug/ml), and isopropyl ,-D-thiogalactopyranoside (IPTG, 2 mM) were centrifuged, resuspended in 50 mM Tris Cl, pH 7.4/50 mM NaCl, sonicated, and centrifuged (100,000 x g, 2 hr, 4°C). The pellet was extracted with 4 M urea for 1 hr at 4°C, reextracted, and recentrifuged as above. The 4 M urea supernatants were electrophoresed in an SDS/polyacrylamide gel, and the Psp band was cut out, eluted, and used to immunize rabbits as described (10) . Serum was batch-adsorbed (10) .
Cells were labeled, immunoprecipitated, and fractionated as described (10 (Fig. 3) . Within a few minutes of IPTG withdrawal from pJLB4-containing cells, the rate of Psp synthesis began to decline, reaching a half-maximal rate at 15 min and the basal, uninduced rate by 40-60 min. The decline in the rate of Psp synthesis was more rapid than could be accounted for by dilution, since the doubling time of these cells was 75 min, and no decline in pulse-labeled pIV was observed after a 30-min chase (data not shown). Psp itself is also stable (unpublished data).
The ability of various filamentous phage and several mutants to induce Psp synthesis is presented in Table 1 . Psp was (19) . Psp synthesis was not induced in nonsuppressing cells infected by gene IV amber mutants, but it was induced in suppressor-containing cells. Cells infected by phage with mutations in gene I, VIII, or IX, which are also blocked in phage assembly, synthesized Psp in the absence of amber suppression.
pIV is synthesized as a precursor that is processed and secreted into the periplasm prior to its integration into the membrane (10) . The mutant pIV synthesized by cells infected by an fi mutant (R482) with a 4-codon deletion in the hydrophobic core of the gene IV signal sequence is not competent for phage morphogenesis (10) . It is neither processed nor secreted; the unprocessed pIV is stable and accumulates in the cytoplasm in association with the cytoplasmic membrane (data not shown). Psp synthesis was not induced in R482-infected cells ( shock proteins, and thus that Psp might be a heat shock protein, the synthesis ofPsp in heat-shocked, uninfected cells was examined.-Psp synthesis was strongly induced after a shift from 37°C to 50°C (Fig. 4) . In contrast to the classical heat shock proteins (5), which were strongly induced after temperature shift from 30°C to 42°C (data not shown), Psp synthesis was more modestly induced (-10% the 50°C rate) by this less severe heat shock (Fig. 4) . Induction was transient in both cases, as was induction of the other heat shock proteins, with the bighest rates occurring 2 min after temperature shift. Although fl infection did induce the synthesis of modest levels of the classical heat shock proteins, the effect was not due to pIV; they were not induced by expression of gene IV from a plasmid, and they were more strongly induced by gene'IV (and gene I) amber mutant than by fl' infections (data not shown). Psp synthesis was not induced at 8, 15, or 25 min after infection by A. To test whether stimulation of Psp synthesis by pIV and by heat shock is additive, pJLB3-containing cells treated with IPTG to induce pIV synthesis were shifted from 37°C to 48°C. The rate of Psp synthesis in heat-shocked, pIV-synthesizing cells was substantially greater than the rate from either treatment alone (Fig. 5) . If cells were heat shocked 45 min after IPTG had been removed (and Psp synthesis had returned to the basal level; see Fig. 3 ), the stimulation of Psp synthesis was the same as' in cells that had not previously been induced for pIV synthesis (Fig. 5) .
In E. coli as well as other organisms, the heat shock proteins can be induced by stresses other than heat, although heat is most effective (5). Among these other agents, ethanol provokes a response that most closely resembles that of heat shock. The effect of these and other treatments on the synthesis of Psp and of the conventional heat shock proteins is shown in Table 2 . Ethanol induced the synthesis of Psp, and as was the case with heat shock, a higher concentration (10%, vol/vol) was more potent than a concentration (4%) that gives strong induction of the classical heat shock proteins (5). Psp synthesis was not induced by treatment with novobiocin, nalidixic acid, or mitomycin C, treatments that did induce the synthesis of conventional heat shock proteins.
Psp synthesis was also induced upon hyperosmotic shock produced by the addition of NaCI or sucrose (Table 2) . Induction reached a maximum within 5 min after the shock and gradually declined to the basal level. Heat shock protein synthesis was also detected after osmotic shock. One of the responses to hyperosmotic shock is the intracellular accumulation of potassium, which has been shown to induce expression of several genes involved in restoration of turgor pressure (21) . Although the magnitude of Psp induction by hyperosmotic shock varied from strain to strain, neither the magnitude nor the kinetics of induction in a given strain were affected by mutations causing defects in potassium uptake (data not shown). A 10-fold decrease in osmolarity did not induce Psp ( Table 2) .
Induction of Psp Synthesis Is Independent of the Heat Shock or Factor, o32. Psp induction is at the level of transcription, since it is blocked by rifampicin addition (data not shown). For the heat shock regulon, which consists ofat least 17 genes (5), induction is dependent upon the heat shock o-factor, a32 (22) , encoded by the rpoH gene. Unlike these classical heat shock genes, induction of Psp synthesis is independent of &-32 (Fig. 6 ). This was shown by using a mutant strain of E. coli that contains an rpoH amber mutation and a ts suppressor (14, 16) . As expected, the classical heat shock proteins were synthesized in rpoH' but not in rpoHar cells after temperature shift to stop further 32 synthesis (Fig. 6 Upper) compare lanes C and E with lanes D and F) and ethanol addition (compare lanes G, I, and K with lanes H, J, and L).
By contrast, Psp synthesis was induced (Fig. 6 Lower) in the mutant strain as well as its rpoH' parent. In fact, the rate of Psp synthesis after ethanol addition was substantially higher in the mutant than in the control cells. An unidentified -18-kDa protein was even more strongly induced in ethanoltreated rpoH mutant cells (Fig. 6 Upper) .
Induction of Psp synthesis by pIV was also o 32_ independent (data not shown).
Subcellular Location of Psp. By a variation of the Osborn and Munson (23) cell fractionation procedure, Psp was recovered in both the membrane and cytoplasmic fractions but not in the periplasm (Fig. 7) . When urea was added to the lysozyme/EDTA-treated cells prior to their lysis and fractionation, Psp was detected only in the cytoplasmic fraction. Upon alkali extraction of whole cells (24, 25) Psp was found in the alkali supernatant, consistent with these fractionation properties. These studies identify Psp as a cytoplasmic protein, about half of which is associated with the cytoplasmic membrane.
Cloning and Mapping the psp Gene. A psp-containing A phage was identified by hybridization to a degenerate oligonucleotide (unpublished work). Comparison of a crude restriction map of the insert with the physical map of E. coli obtained by Kohara et al. (26) suggested that psp might be located between 28 and 29 min on the genetic map of E. coli, close to pyrF. This was confirmed by replacing (27) shown). Similarly, strain PK2212, which carries an =14-kilobase deletion in the 28-to 29-min region of the chromosome (28) Induction of Psp appears to require full-length pIV; gene IV amber fragments and TrpE-pIV fusion proteins that contain either the N-terminal 28% or the C-terminal 72% of mature pIV did not induce Psp (data not shown). Nonetheless, induction does not require that pIV be capable of supporting phage morphogenesis, since a mutant with an amino acid substitution close to the N terminus that renders it temperature-sensitive for phage production induced Psp synthesis fully at the nonpermissive temperature. Mutant pIV proteins that contain deletions in their signal sequence failed to elicit Psp production. These proteins are restricted to the cytoplasm, suggesting that processing and correct localization of pIV are necessary for induction of Psp. Although produced in modest amounts, these proteins, which associate with the inner membrane, are lethal to the host under conditions where wild-type pIV produced by the parental plasmid is not (data not shown). Membrane perturbation, itself, does not prevent induction of Psp synthesis, since gene I and gene IV amber mutant infections exhibit similar membrane disturbances (33, 34) , and Psp induction does occur in the former.
It is probable that pIV acts indirectly (by affecting the membrane or a membrane constituent) to induce Psp synthesis, not directly as a transcriptional activator, because it is a membrane protein that does not appear to have a cytoplasmic domain (10) . It shares many features with outer membrane proteins and is found in both inner and outer membrane fractions (10) . We have suggested that it may be part of an exit port (10) .
The dependence of Psp synthesis on continued pIV synthesis could signify that one of the transient forms of pIV Biochemistry: Brissette et al.
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(i.e., cytoplasmic pre-pIV or periplasmic pIV) generates the inducing signal. Alternatively, there could be a stoichiometric relationship between pIV, Psp, and the inducing signal.
Whatever the signal is, it is not generated by generalized perturbation of either the inner or the outer membrane. Cells infected by gene I or gene IV amber mutants accumulate virion structural proteins, suffer membrane hyperplasia, and eventually die (33, 34 Although Psp is induced by heat shock, it is not a conventional heat shock protein. Its full induction requires more extreme treatments than induction of the classical heat shock proteins and is independent of the heat shock oa factor (&32). Indeed, the Psp response is stronger in o-32 mutants. Two other r32-independent heat-inducible genes have been identified; one is the o.32 (rpoH) gene itself (38) , while the other, htrA (39) or degP (40) , encodes a periplasmic protease (40) that is essential for viability at high temperature (39) . The htrA and rpoH genes are transcribed at 50'C by RNA polymerase containing a 24-kDa or factor (31, 32) . We do not know whether psp transcription is also mediated by this or factor.
Psp is also induced by hyperosmotic shock but not by hypoosmotic shock. Potassium influx, which is a consequence of hyperosmotic shock and a regulator of osmoresponsive genes (21) , does not appear to mediate the induction of Psp synthesis in response to osmotic shock. At least some conventional heat shock proteins were induced by hyperosmotic shock, consistent with the observation of Sherman (41) .
In no case is the nature of the actual signal(s) that induces expression of heat shock genes understood. Part of the problem in identifying the signal is the diverse nature of the inducing treatments (heat, ethanol, UV light, nalidixic acid, puromycin, osmotic shock, etc.) and their consequences. Heat and ethanol affect protein structure, synthesis, and translocation and cause DNA and membrane damage (5) . In contrast to the classical heat shock genes, psp expression is induced by a narrower range of treatments. In particular, DNA-damaging agents are ineffective. The ability of a particular protein, pIV, to specifically induce expression of this novel "heat shock" gene may make it possible to identify the actual inducing signal.
The role of the classical heat shock proteins is only just beginning to be understood. We do not understand what role Psp may play. However, it is also induced by heat shock of E. coli B and C and of S. typhimurium. The 
